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Abstract
Traumatic brain injury (TBI) causes lifelong cognitive deficits, particularly impairments of executive functioning
(EF). Musical training and music-based rehabilitation have been shown to enhance cognitive functioning and
neuroplasticity, but the potential rehabilitative effects of music in TBI are still largely unknown. The aim of the
present cross-over randomized controlled trial (RCT) was to determine the clinical efficacy of music therapy on
cognitive functioning in TBI and to explore its neural basis. Using an AB/BA design, 40 patients with moderate
or severe TBI were randomized to receive a 3-month neurological music therapy intervention either during the
first (AB, n = 20) or second (BA, n = 20) half of a 6-month follow-up period. Neuropsychological and motor
testing and MRI scanning was performed at baseline and at the 3-month and 6-month stage. 39 subjects who
participated in baseline measurement were included in an intention-to-treat analysis using multiple imputation.
Results showed that general EF (as indicated by the Frontal Assessment Battery) and set shifting improved
more in the AB group than in the BA group over the first 3-month period and the effect on general EF was
maintained in the 6-month follow-up. Voxel-based morphometry (VBM) analysis of the structural MRI data
indicated that grey matter volume (GMV) in the right inferior frontal gyrus (IFG) increased significantly in both
groups during the intervention vs. control period, which also correlated with cognitive improvement in set
shifting. These findings suggest that neurological music therapy enhances EF and induces fine-grained
neuroanatomical changes in prefrontal areas.
(248/250 words)
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INTRODUCTION
Traumatic brain injury (TBI) is a major cause of disability across all ages. Over 50 million people have TBI
each year worldwide.1 Injury often changes the life of the patients in a very profound way, with the effects
extending from physical injury and fatigue to cognitive, emotional, and behavioural impairments.2-5 Cognitive
impairments vary across patients, depending on injury severity and location, but most deficits are in the
domains of attention, memory, communication, and executive functioning (EF).1, 6-9 EF is a broad term
referring to “high-level” cognitive processes that enable individuals to regulate their thoughts and actions
during goal-directed behaviour. 10 There is no consensus on the exact definition of the term, but various
cognitive processes such as set shifting (switching from one task to another), inhibition (avoiding a dominant
or prepotent response), and updating (continuously updating the contents of working memory) have been
proposed as key components of EF.10 Importantly, deficits in EF are considered to be the core symptoms of
TBI, affecting the everyday life and coping of the patients as well as posing major challenges for rehabilitation.
11, 12
Given the substantial burden caused by TBI on individual survivors, their families, and the whole society, new
effective rehabilitation methods are urgently needed. Considering the heterogeneous and complex nature of
TBI, there is a need especially for motivating rehabilitation tools that are able to address multiple deficits
simultaneously, especially targeting executive skills. Behavioural and neuroimaging studies in healthy
individuals have revealed that musical training enhances EF and the recruitment of the cognitive control
network, raising the question of whether music-based interventions could have similar positive effects on the
executive dysfunction experienced by TBI patients.13-22 Considering also that the ability to enjoy and engage in
musical activities is typically well preserved after brain injury,23 music offers a very promising, novel approach
to neurorehabilitation after TBI. Music-based interventions have been shown to enhance verbal memory,
focused attention, and visual awareness as well as to improve mood and quality of life in stroke patients.24-27
Further, music strongly engages the brain’s reward system which can be important concerning the problems of
initiation and motivation often linked to TBI.28-31 A recent randomized controlled trial in acute stroke patients
revealed that the impact of Music-Supported Training (MST) on motor functions was larger in patients who
experienced music particularly rewarding, pointing to the involvement of motivation and reward circuits in the
effectivity of music-based interventions.32 Moreover, music aids in regulating arousal and vigilance,33,34 which
can be particularly helpful for TBI patients as fatigue is highly common after TBI. Music has also the potential
to support motor functions in neurological disorders. Learning and playing-based music interventions, such as
MST, have been shown to enhance fine and gross motor skills and also promote auditory and motor
neuroplasticity in chronic stroke patients.35-39 Collectively, this evidence suggests that music therapy holds
much potential in the rehabilitation of cognitive, motor, and emotional deficits after TBI in a rich, motivating,
and versatile way.
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Accumulating evidence is supporting the view that the initial injury caused by TBI can be followed over time by
loss of brain volume (atrophy), which reflects the clearance of dysfunctional tissue. This brain atrophy can be
quantified using volumetric MRI measures and has been associated with diffuse axonal injury (DAI).40 Many
neuroimaging studies using voxel-based morphometry (VBM) have reported a progressive loss of brain
volume after TBI.7, 41-43 In the chronic phase, the regions with grey matter volume (GMV) reductions included
the frontal, temporal, occipital, and insular cortices, whereas white matter volume (WMV) loss was observed in
the corpus callosum, corona radiata, internal capsule, and brainstem.44 The link between cognitive
performance and brain volume is not straightforward, and the observed cognitive trajectory after TBI is
complex, with both patterns of improvement and detoriation.45-47 Importantly, it has been suggested that the
post-TBI behavioural and neural changes could be mediated by post-injury environmental factors, with
cognitive disuse and environmental impoverishment contributing to poor recovery and negative neuroplasticity
changes and environmental enrichment contributing to better recovery and positive neuroplasticity changes.48-
50 It can therefore be hypothesized that the observed progressive brain volume loss could be modified by the
structural neuroplastic changes induced by music-based interventions. In support of this idea, a recent VBM
study in our laboratory revealed GMV increases in a network of prefrontal and limbic areas in left hemisphere
stroke patients after a music listening intervention.26 The GM reorganization in prefrontal areas correlated with
enhanced recovery of high-level cognitive functions including verbal memory, focused attention, and language
skills, suggesting that volumetric changes in these regions may serve as clinical biomarkers of music therapy
efficacy also after TBI.
To date, very little research has, however, been conducted on the effectiveness of music-based interventions
after TBI, especially using controlled experimental paradigms. Previous studies have revealed some positive
effects of music on emotional well-being and social functioning in TBI patients.51-54 It is noteworthy that music
can also offer a route for enhancing arousal and awareness and improving behavioural outcome in those
severe TBI patients with a disorder of consciousness, such as coma.55, 56 Later in the rehabilitation process,
singing can be helpful in facilitating speech production as well as providing a psychological tool for exploring
self-concept after injury.57-60 When used in gait rehabilitation of TBI, rhythm of music has also been observed
to improve motor coordination.61, 62
Thus far, only few studies have explored the cognitive effects of the music-based interventions after TBI. In a
quasi-experimental study, Thaut et al. (2009) gave four 30-minute sessions of neurological music therapy to
brain injury patients (n = 31) and conducted pre-post assessments for each session.63 Compared to a patient
control group (n = 23) who performed the same assessments twice but did not receive any intervention, the
intervention group improved in EF (mental flexibility) after a single session, coupled with positive effects on
self-reported mood and self-efficacy.63 More recently, Lynch and LaGlasse (2016) conducted a small-scale
feasibility study evaluating the effect of five sessions of Musical Executive Function Training (MEFT) on EF in
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brain injury patients.64 The patients (n = 14) were randomly assigned to a MEFT group, singing group, and
control group. No significant intervention effects were observed, although the MEFT group showed a trend
towards an enhancement of mental flexibility.64 Very recently, Vik et al. (2018) gave patients with mild TBI (n =
7) eight weeks of active piano training (tuition twice per week plus home training) and compared them to
healthy subjects who either received the same piano training (n = 11) or did not receive any intervention (n =
12).65 The piano training groups (both TBI patients and healthy subjects) improved on verbal learning
performance and the TBI group also showed increased activation in the right orbitofrontal cortex in a music
listening task.65
In summary, the three studies listed above provide preliminary evidence that music-based rehabilitation can
have cognitive benefits after brain injury.63-65 However, regarding the clinical efficacy of music-based
rehabilitation, the conclusions that can be drawn from these studies are limited by the small sample sizes, lack
of proper randomized controlled trial (RCT) designs, and, in the case of two studies, the use of mixed brain
injury samples (inclusion of patients with an injury mechanism other than TBI). Also the outcome measures
used in the studies were very brief and did not cover different domains on EF and attention systematically.
Therefore, larger and more detailed RCTs in TBI patients are needed.
In the current study, we addressed this knowledge gap by performing a single-blinded and cross-over RCT to
investigate the effectiveness of neurological music therapy in TBI patients. We introduced a novel form of
neurological music therapy specifically designed to meet the rehabilitation needs of TBI patients, targeting
deficits in EF, attention, and working memory as well as motor skills and emotional adjustment. Importantly,
the intervention required no previous musical experience, and it was adaptable to different types of TBI
patients regarding the level of injury. We hypothesized that the intervention would be especially effective in the
rehabilitation of EF, which was defined as the primary outcome of the study. In addition, we also carried out a
volumetric analysis using VBM on structural MRI scans to examine the potential neuroprotective effect of the
music therapy after TBI. Based on the previous literature, we hypothesized that the music therapy would
induce structural neuroplastic changes, especially in prefrontal brain regions that have been associated with
attention, memory, and EF.
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METHODS
Subjects and study design
Forty TBI patients from the Helsinki and Uusimaa area were recruited through the Brain Injury Clinic of the
Helsinki University Central Hospital (HUCH), Validia Rehabilitation Helsinki, and the Department of Neurology
of Lohja hospital during 2014-2017 to this RCT (trial number: NCT01956136). The inclusion criteria were: 1)
diagnosed (ICD-10) TBI fulfilling the criteria of at least moderate severity (Glasgow Coma Scale: ≤ 12 p and/or
posttraumatic amnesia (PTA) ≥ 24 hours);66 2) time since injury ≤ 24 months at the time of recruitment; 3)
cognitive symptoms caused by TBI (attention, executive function, memory); 4) no previous neurological or
severe psychiatric illnesses or substance abuse; 5) age 16-60 years; 6) native Finnish speaking or bilingual
with sufficient communication skills in Finnish; 7) living in the Helsinki-Uusimaa area; and; 8) understanding
the purpose of the study and being able to give an informed consent. No power analysis was conducted due to
the exploratory nature of the study; there are no previous studies on similar music interventions in this
particular patient population that would provide a reliable reference for effect size evaluations. Our sample size
target (n = 40) was set in order to gather a representative sample within a reasonable time window. The trial
was conducted according to the Declaration of Helsinki and was consistent with good clinical practice and the
applicable regulatory requirements. The trial protocol was approved by the Coordinating Ethics Committee of
the Hospital District of Helsinki and Uusimaa (reference number 338/13/03/00/2012) and all participants
signed an informed consent.
The study was a cross-over RCT with a 6-month follow-up period. Upon recruitment, subjects were randomly
assigned to one of two groups, AB (n = 20) and BA (n = 20). Randomization was performed using an online
random number generator (https://www.random.org/) by a person not involved in patient recruitment or
assessments. To ensure steady allocation to both groups across the trial, the randomization was done in
batches of two consecutive patients. The randomization was stratified for lesion laterality (left / right / bilateral).
During the first three months, the AB group received neurological music therapy in addition to standard care
whereas the BA group received only standard care. During the second 3-month period, the BA group received
the music therapy intervention and standard care and the AB group received only standard care. Baseline
measurements were administered at time point 1 (TP1) and follow-up measurements were conducted at the 3-
month cross-over point (TP2) and at the 6-month completion point (TP3). The research personnel conducting
the behavioural tests and MRI scans was blinded regarding the group allocation of the participants. The
subjects and their caregivers were informed about the blinding procedure and were instructed to discuss
therapy-related issues only with the music therapists.
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The flow chart of the included TBI patients is shown in Figure 1. During 2014-2017, 4994 TBI patients were
screened for eligibility, 190 met the inclusion criteria, and 40 were randomized to the AB and BA groups. Of
these, one participant dropped out before the baseline measurements, two participants dropped out before
TP2 and another three participants dropped out before TP3. The drop-outs were mainly due to lack of energy
and motivation. All of the drop-outs (n=6) occurred in the BA group which was likely linked to the long waiting
period before the intervention. Of these, only one occurred during the music therapy intervention, the
remaining five took place before the onset of the intervention. Compared to the rest of the BA group, the
subjects who dropped out had lower education level, longer posttraumatic amnesia, and worse injury outcome
according to GOSE. MRI was not possible to perform in 8 participants due to contraindications or technical
difficulties during the scanning. Detailed information concerning the subjects’ demographic and clinical data
and musical experience is presented in Table 1.
Intervention
The neurological music therapy intervention was targeted primarily for the (i) rehabilitation of cognitive deficits,
especially of executive function, attention, and working memory, with a secondary goal of enhancing (ii) mood
and emotional adjustment and (iii) upper extremity motor functions. The intervention model was adapted from
two existing music therapy methods: Functionally-Oriented Music Therapy (FMT) (https://www.fmt-
metoden.se/fmtsiteng/index.html) and Music-Supported Training (MST) method, which have both been applied
in stroke rehabilitation.36, 38, 67 Importantly, the intervention required no previous musical experience and was
adaptable to different types of TBI patients depending on the level of injury.
The intervention consisted of 20 individual therapy sessions (2 times/week, 60 min/session) held by a trained
music therapist (authors S.L., M.H., and M.A.) at Validia Rehabilitation Helsinki and focusing on active musical
production with different instruments (drums, piano). Each session included three modules (20 min each): (i)
rhythmical training, (ii) structured cognitive-motor training, and (iii) assisted music playing. Rhythmical training
involved playing sequences of musical rhythms and coordinated bimanual movements on a djembe drum and
on own body. Structured cognitive-motor training involved playing musical exercises on a drum set with
varying levels of movement elements and composition of drum pads, accompanied by the therapist with piano.
Assisted music playing comprised of learning to play the participant’s own favorite songs on the piano with the
help of the therapist and using Figure Notes (https://www.figurenotes.org/what-is-figurenotes/), a special
musical notation system utilizing colors and shapes originally developed in Finland, which makes music
playing easily accessible without prior musical education.
Importantly, in all the modules, the difficulty level of the exercises was initially adjusted and increased in a
step-wise manner within and across the sessions to meet the skill level and progression of the individual
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participant. In addition, musical improvisation was included in all modules and encouraged throughout the
therapy to facilitate creative expression. All in all, the training performed during the intervention tapped into a
number of executive (action planning and monitoring, inhibitory control, shifting), attentional (focused attention,
spatial attention, vigilance), and working memory (updating) as well as motor (motor control, eye-movement
coordination) and emotional (affect regulation, emotional expression) functions.
Behavioural outcome measures
During the recruiting process, both the Glasgow Coma Scale Extended (GOSE) and the Neurological
Outcome Scale for Traumatic Brain Injury (NOS-TBI) were administered in order to obtain information of the
overall symptoms and current functional outcome after TBI.68, 69 The effects of the intervention were evaluated
by using neuropsychological and motor test batteries and structural MRI, administered at three time points
(TP1, TP2, and TP3). The neuropsychological assessments were conducted by a licensed psychologist
(authors S-T.S. and K.A-K.) and each testing session lasted approximately 2 hours. Motor testing was
performed by a physiotherapist / occupational therapist and it took approximately 45 minutes. All behavioural
testing sessions took place at Validia Rehabilitation Helsinki in a quiet test room. The participants had the
opportunity to take a short break during the sessions if needed. In the study protocol, also questionnaire data
mapping functional outcome, emotional adjustment, and quality of life of the patients and their caregivers were
collected. Results from this data will be later reported elsewhere. However, the baseline score of the Beck
Depression Inventory II (BDI-II) will be included in this study as background information on the level of
depression. 70
Primary outcome measure. The primary outcome measure was change in performance on the Frontal
Assessment Battery (FAB).71 FAB measures different aspects of frontal lobe functions. It consists of six
subtests exploring conceptualization (similarities subtest), mental flexibility (lexical fluency), motor
programming (Luria’s fist-edge-palm test), sensitivity to interference (conflicting instructions), inhibitory control
(go-no go task), and environmental autonomy (prehension behaviour). FAB has previously been shown to be
sensitive to TBI-related cognitive changes and it has a good test-retest reliability. 72, 73 The FAB total score
(percentage correct) formed the composite score of EF, as the measure is designed to assess global EF and it
is applicable through various severity levels of TBI
Secondary outcome measures. Other cognitive and motor tests were defined as secondary outcome
measures. Cognitive tests included computerized tests of EF and sustained attention, as well as measures of
reasoning and verbal memory. Parallel versions of memory tests were used in different time points to minimize
practice effects. The computerized tests of EF were chosen to reflect different aspects of EF (set shifting,
updating, inhibition) defined by Miyake et al. (2000).74 They were regarded as secondary measures since they
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reflect more narrow aspects of EF compared to the FAB. Motor tests were used to evaluate fine and gross
motor functioning, dexterity, and coordination of the upper limbs.
Set shifting was assessed by the Number-Letter Task (NLT).75 In this computerized test, a number-letter
combination appeared in one of two squares (top/bottom) in the centre of the screen and the subject was
instructed to make a decision either based on the number or the letter by pressing one of two buttons. The
task was divided into three blocks, each preceded by a short practice phase. In the first block (32 trials), all of
the stimuli appeared in the top box and the task was to determine whether the number was odd or even. In the
second block (32 trials), all of the stimuli appeared in the bottom box and the task was to determine whether
the letter was a vowel or a consonant. In the third block, the stimuli randomly appeared in either of the
squares, and the subject had to respond accordingly (make a decision based on the number if in the top
square and based on the letter if in the bottom square). The third block had 32 switch trials (target different
from the previous trial) and 48 non-switch trials (target same as in the previous trial). Switching costs for both
reaction times and error percentages were calculated by comparing performance on switching and non-
switching trials in the third block.75
Updating was assessed by using a computerized Auditory N-back Task.76 The stimuli in this task consisted of
three chords varying in their pitch (low/medium/high). The task was to determine if the stimulus was
same/different compared to the previous stimulus (1-back) or the stimulus before that (2-back) by pressing one
of two buttons. The task was divided into 4 blocks of 25 trials (two 1-back blocks and two 2-back blocks). The
1-back blocks were presented first, followed by the 2-back blocks. A short practice phase preceded both
conditions.
Inhibition was assessed with the Simon Task. 75, 77 In this computerized task, a blue or a red square appeared
either on the left or the right side of the screen. The instruction was to press the right button each time a red
square appeared and the left button each time a blue square appeared, irrespective of which side the square
was presented on. On congruent trials, the response button was on the same side as the square; on
incongruent trials, it was on the opposite side. There were 100 trials (50 congruent, 50 incongruent). Simon
effect was calculated by comparing congruent and incongruent trials, reflecting the cost of irrelevant spatial
information on reaction time and number of errors. A short practice phase preceded the task.
Sustained attention was assessed by using the Sustained Attention to Response Task (SART).78 In this
computerized task, digits ranging from 1 to 9 are presented on a screen in a random order. Each digit was
presented for 149 ms, followed by a 900-ms mask. The task was to respond to every other digit except digit “3”
by pressing a response button. The original SART task consists of 225 digits, of which 25 digits are targets (3).
For the purpose of this study, we created a version of the test with 450 digits including 50 targets (length
approximately 8.6 min), in order to better detect TBI-related problems of sustaining attention over a long period
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of time. A short practice phase preceded the task. Both omissions and commissions in the SART were
included in the analysis, since together they provide a more complete picture on the performance, reflecting
inhibition errors as well as lapses of attention.79 We also analyzed vigilance decrement during the task by
comparing error rates and reaction times during the first and second halves of the task.80
For the other secondary outcome measures, which comprised of standard clinical tests, we formed composite
scores of individual test measures (mean percentage of correct answers in all the measures included) in order
to pool data and reduce the number of variables. Reasoning was assessed by using the Similarities and Block
design subtests of the Wechsler Adult Intelligence Scale IV.81 Verbal memory was assessed by using the
Word Lists I and II subtests of the Wechsler Memory Scale III (WMS-III)82 and the Digit Span subtest of WAIS-
IV.81 Motor skills were assessed with the Box and Block test, the Action Research Arm Test, and the Purdue
Peg Board Test.83-86
Statistical analyses. Statistical analyses of the behavioural data were performed using SPSS (version 25).87 In
order to control possible bias introduced by missing data, an intention-to-treat (ITT) analysis was performed on
the dataset of 39 (AB: n = 20, BA: n = 19) subjects who participated in the baseline measurement (one subject
who did not participate in any measurements was discarded from the analysis due to insufficient data). 88 Missing
observations were imputed from TP1 and TP2 using multiple imputation, which is considered to be a reliable
method when handling data missing under various missingness mechanisms.89 We found that there was
significant relationship between background variables (belonging to BA-group/delayed treatment start, longer
PTA and worse injury outcome, lower education level) and missing values. Because the absolute amount of
missing data was relatively small and most important cases were identified, we conclude that missing value
structure was missing at random (MAR). Twenty parallel datasets, which is generally considered to be a sufficient
number to reduce sampling variability from the imputation process, were created using fully conditional
specification imputation method. 88, 90 All demographic and clinical background variables (see Table 1) in addition
to group allocation and outcome variables were included in the model as predictors; categorical variables were
included using dummy-coding. Linear mixed model analyses (LMM) were conducted for the multiply imputed
data. The model included main effects and interaction between group (AB/BA) and time points. Random
intercept model, which is a special case of more general LMM framework, was used to account the within subject
variation. These analyses were performed using the method described by van Ginkel and Kroonenberg, which
involves reformulation of the ANOVA model as a regression model using effect coding of the predictors and
applying existing combination rules for regression models in order to pool the F-tests.91 This procedure is
equivalent to a repeated measures (mixed-model) ANOVA. Significant findings were further assessed by
conducting a within-subject repeated measures ANOVA (AB group with complete data) / LMM (BA with imputed
data) over the three time points separately for both groups in order to assess the possible longitudinal
intervention effects. Given the uncertainty involved in performing data imputation in a relatively small sample like
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ours, we performed also a per-protocol (PP) analyses to verify the results from ITT analysis in a smaller dataset
of subjects who adhered to the study protocol and participated in all measurements including MRI.92 One
participant in the BA group reported having practiced piano intensively (3 hours/week), with both piano lessons
and independent training at home, between TP1-TP2 and was therefore excluded from the PP analysis, making
the final PP sample 25 patients (AB: n = 16, BA: n = 9). The PP analysis was limited to the outcome measures
that yielded significant findings in the ITT analysis to assess their sensitivity.
MRI data acquisition and preprocessing
High-resolution T1-3D images were obtained with a 3T Philips Achieva MRI scanner (Philips Medical Systems)
using an 8-channel SENSE head coil of the HUS Helsinki Medical Imaging Center at HUCH (flip angle= 15°;
TR= 9.9 ms; TE= 4.60 ms; voxel size= 0.88 x 0.88 x 0.88 mm). Twenty-five patients completed the scanning
sessions in the three time points (AB: n = 16, BA: n = 9). Only patients with T1 images from TP1-TP2-TP3
were included in the analysis. Focal brain lesions were detected in 12 TBI patients.
Data were preprocessed using a standard voxel-based morphometry (VBM) pipeline in Statistical Parametric
Mapping software (SPM12, Wellcome Department of Cognitive Neurology, University College London) running
under Matlab Release 2017a (The MathWorks, Inc., Natick, MA, US). As the presence of lesions may
influence the normalization algorithm, cost function masks (CFM) were defined for the 12 patients with focal
brain lesions to achieve optimal normalization with no postregistration lesion shrinkage or out-of-brain
distortion.93 Binary masks of the lesioned areas were obtained by manually drawing, on a slice-by-slice basis,
the precise boundaries of the lesion directly into the T1 image from the TP1 session with MRIcron 2 May 2016
release (https://www.nitrc.org/projects/mricron). Accuracy of the CFM was validated by an expert
neuroradiologist (author J.P.) who assessed multiple modalities of neuroimaging data acquired at TP1 (T1-
weighted, FLAIR). Next, within-subject T1 images from all time points were coregistered using the T1 from TP1
as reference image to ensure that they remained in spatial alignment with the T1 and CFM from this
acquisition. All images and CFM were oriented to the AC before this coregistration step. Unified segmentation
with medium regularization was applied to T1 images (masked with CFM for those patients with visible lesions
on the T1) and grey matter (GM), white matter (WM), and cerebrospinal fluid (CSF) probability maps were
obtained for each individual.94 This technique has been widely used with lesioned patients.95, 96 The preserved
amount option was selected to “modulate” images and preserve the total amount of signal during the
normalization to the Montreal Neurological Institute (MNI) template with a final voxel size of 1 x 1 x 1 mm. The
resulting images were then smoothed with a 6-mm FWHM kernel to reduce residual interindividual variability.
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Voxel-based morphometry (VBM)
Voxelwise statistical analyses were performed in SPM12. Individual smoothed GM and WM images were
entered into a second-level analysis using a Group (AB/BA) x Time (TP1/TP2/TP3) mixed-model ANOVA. Six
different Group (AB>BA, BA>AB) x Time (TP2>TP1, TP3>TP2, TP3>TP1) interactions were calculated and a
conjunction analysis was performed between AB>BA x TP2>TP1 and BA>AB x TP3>TP2 contrasts. Results
are reported at a whole-brain uncorrected p < 0.001 threshold at the voxel level with a cluster extent of 50
contiguous voxels. The GMV values for the effect size were obtained from the peak coordinates of the right
IFG cluster with the highest T value in each contrast. We performed a conjunction analysis in SPM
(conjunction null) in order to assess the voxels that were commonly activated during the intervention period in
the AB and BA groups.
After confirming a significant Group x Time interaction, we carried out other second-level analyses by pooling
data from AB and BA groups: (i) before and after the intervention period using a one-sample t test (AB:
TP2>TP1 & BA: TP3>TP2) and (ii) before and after the intervention vs. control period using a paired t test (AB:
TP2>TP1 & BA: TP3>TP2 vs. AB: TP3>TP2 & BA: TP2>TP1). Additional individual smoothed GM and WM
images were calculated as the difference between the two time points in the intervention and control periods
(AB group: intervention: TP2-TP1 and control: TP3-TP2; vice versa for the BA group) to perform these
analyses. Results are reported at a whole-brain uncorrected p < 0.001 threshold at the voxel level with a
cluster extent of 50 contiguous voxels and an FWE-corrected p < 0.05 threshold at the cluster level. The GMV
values for the effect size were obtained from the peak coordinates of the right IFG cluster with the highest T
value in the intervention versus control contrast.
In all second-level analyses, the intracranial volume (ICV) of each patient was entered as a nuisance covariate
to account for interindividual variability. The ICV was estimated by computing the volumes of grey matter,
white matter and CSF from the tissue segmentations using the SPM function spm_get_volumes and then
adding up the volumes of these tissues to obtain the total ICV (in litres). Anatomical and cytoarchitectonical
areas were identified using the Automated Anatomical Labeling Atlas97 and the Talairach Daemon database
atlas98 included in the xjView toolbox (http://www.alivelearn.net/xjview/).
To examine brain-behaviour correlations, we performed a region-of-interest (ROI) analysis with all significant
clusters in the IFG from the pairwise comparison and computed the mean value of the individual smoothed
GM and WM difference images for the control and intervention periods for each group. Bivariate correlations
using two-tailed Pearson’s r tests were calculated between these values and individual scores from the
behavioural measure that showed a significant effect in the pairwise comparisons (switching cost error rate in
the NLT) separately for the intervention and control periodsRESULTS
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Recruitment procedure and characteristics of the participants
Recruitment started in March 2014 and ended in May 2017 after reaching the preset goal of 40 subjects. The
last follow-up measurements were completed in November 2017. Background information regarding
sociodemographic and clinical factors and musical experience is presented in Table 1. The only significant
difference between the groups was detected in the deviation on causes leading to injury (p = 0.022). However,
this difference was not considered to be of clinical importance, particularly since the traffic-related injuries
involving higher energy and possibly a different recovery trajectory were evenly divided between the two
groups.99 The amount of other rehabilitation (standard care) did not differ between the groups (Table 2). Also
the amount of received music therapy sessions was comparable between the groups: the subjects who
participated in the intervention received a mean of 17.1 (SD = 5.9) sessions of individual music therapy in the
AB group and 17.6 (SD = 5.2) sessions in the BA group.
Effects of music therapy on behavioural outcome
Intention-to-treat analyses
Following the ITT protocol, we first performed multiple imputation (see Methods) to replace missing values for
dropped-out patients and then carried out linear mixed-model analysis (LMM) in the whole sample (n = 39)
with Time (TP1/TP2) as a within-subject factor and Group (AB/BA) as a between-subject factor for all the
behavioural outcome measures to assess the short-term (pre-post) effects of music therapy compared to
standard care. The F- and p-values presented were derived from the imputed data as described in methods
section. Effect sizes were calculated based on the observed data using repeated measures ANOVA, since the
LMM procedure does not produce ηp2 values. For the primary outcome (EF composite score), these analysis
yielded a significant Time x Group interaction (F1,29 = 4.374, p = 0.045, ηp2 = 0.093), indicating a larger
improvement in EF in the AB group than in the BA group (Figure 2A). For the secondary outcomes, set shifting
(switching cost errors in the NLT) showed a significant Time x Group interaction (F1,67 = 4.798, p = 0.032, ηp2 =
0.112), with a larger reduction in switching cost error rate in the AB group than in the BA group (Figure 2B).
There were no other significant Time x Group interactions.
In order to assess if the positive effects of music therapy on EF and set shifting were (i) maintained in the AB
group longitudinally and (ii) seen also in the BA group after their intervention period, we performed repeated-
measures ANOVA for AB group and LMM for BA group with Time (TP1/TP2/TP3) as a within-subject factor. In
the AB group, there was significant Time main effect for EF (F1,25 = 9.258, p = 0.003, ηp2 = 0.328) but not for set
shifting (F2,38 = 1.854, p = 0.171, ηp2 = 0.089). Bonferroni-corrected pairwise contrasts indicated that EF
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performance improved in the AB group from TP1 to TP2 (p = 0.043) and from TP1 to TP3 (p = 0.003), but not
from TP2 to TP3 (p = 0.990), indicating that the EF enhancement was maintained longitudinally. Within the BA
group, there was no significant main effect of time in FAB (F2,28 = 0.498, p = 0.952, ηp2 = 0.016) or switching
cost (F2,42 = 0.805, p = 0.453, ηp2 = 0.043)
Per-protocol analyses
We performed also PP analyses to verify that the ITT results on EF and set shifting (see above) were evident
also in the sample of 25 patients who had full behavioural and sMRI data from all three time points and adhered
to the study protocol (see Suppl. Tables 1-2 for demographic and standard care information) . In the PP analyses
(Suppl. Table 3), we performed mixed-model ANOVAs to test the short-term effects of the intervention vs. control
periods during the first (Time: TP1/TP2 x Group: AB/BA) and the second (Time: TP2/TP3 x Group: AB/BA) study
phase. In EF, there was a significant Time x Group interaction from TP1 to TP2 (F1,23 = 5.86, p = 0.024, ηp2 =
0.203) but not from TP2 to TP3 (F1,23 = 0.18, p = 0.673, ηp2 = 0.008). In a within-subject (TP1/TP2/TP3) repeated-
measures ANOVA, there was a significant Time effect in the AB group (F1.3,20.0 = 12.66, p = 0.001, ηp2 = 0.458)
but not in the BA group (F2,16 = 0.04, p = 0.960, ηp2 = 0.005). Bonferroni-corrected post hoc tests showed that
EF performance improved in the AB group from TP1 to TP2 (p = 0.010) and from TP1 to TP3 (p = 0.003), but
did not change from TP2 to TP3 (p = 1.000).
In set shifting, the Time x Group interaction was marginally significant both from TP1 to TP2 (F1,23 = 3.13, p =
0.090, ηp2 = 0.120) and from TP2 to TP3 (F1,23 = 4.24, p = 0.051, ηp2 = 0.156), indicating that in both groups
performance improved (reduced switching cost errors) during the intervention period and declined (increased
errors) during the control period. Pooling the data across groups, this was further analyzed with a paired t-test
comparing the change scores of the intervention period (AB: TP2-TP1 & BA: TP3-TP2) and control period (AB:
TP3-TP2 & BA: TP2-TP1), which showed that set shifting was significantly enhanced after the intervention
compared to the control period (t24 = 2.49, p = 0.020).
Effects of music therapy on structural neuroplasticity
In the VBM data, we first examined the Time x Group interactions with a mixed-model ANOVA. Whole-brain
analyses were performed for the AB>BA x TP2>TP1 interaction and for the BA>AB x TP3>TP2 interaction (see
Table 4) to assess changes in GMV in the group undergoing the music therapy compared to the group receiving
only standard care. At a threshold of p < 0.001 voxel-level uncorrected and ≥50 voxels cluster size, both
interactions yielded common clusters in the right inferior frontal gyrus (IFG, triangular part), right middle frontal
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gyrus (MFG), left cerebellum, and left fusiform gyrus, with additional clusters observed variably in either
interaction in other frontal, temporal, parietal, and cingulate regions (Figure 3A & 3B). A conjunction analysis
(Table 4, Figure 3C) across both interactions revealed a region of overlap specifically in the right IFG
encompassing 152 voxels, indicating that this area showed the strongest GMV changes in both groups during
the intervention vs. control period. Notably, in a within-subject (TP1/TP2/TP3) repeated-measures ANOVA, there
were no significant TP3>TP2 effects in the AB group or TP2>TP1 effects in the BA group, indicating that GMV
did not change during the control period.
Unfortunately, none of contrasts reported above survived a FWE correction, most likely due to the small size of
the sample and the individual variability in TBI neuropathology. In order to increase the statistical power of the
analyses, we then pooled the data from the AB and BA groups together (n = 25) and compared GMV changes
(i) before and after the intervention period using a one-sample t test (AB: TP2>TP1 & BA: TP3>TP2) and (ii)
before and after the intervention vs. control period using a paired t test (AB: TP2>TP1 & BA: TP3>TP2 vs. AB:
TP3>TP2 & BA: TP2>TP1). In both of these analysis (Table 5), the largest and most significant (p < 0.05 at
FWE-corrected at cluster-level) GMV change occurred again in the right IFG (see Figure 4A). Other, less
significant (p < 0.001 uncorrected and ≥ 50 voxels cluster size) clusters also showing GMV increases during the
intervention vs. control period were in the left insula, right MFG, left IFG orbital part, medial orbitofrontal gyrus,
left middle temporal gyrus, left cingulate cortex, and left cerebellum.
Finally, using the pooled sample, we performed a bivariate correlation (Pearson, two-tailed) analysis between
the pre-post intervention and control period changes in GMV in the right IFG and in set shifting performance
(NLT switching cost error rate). This correlation was significant only in the intervention period (r = -0.41, r2 =
0.17, p = 0.043; Figure 4B), indicating that the enhancement in set shifting ability induced by the music therapy
was associated with structural neuroplasticity in the right IFG.
Evaluation of harms
The intervention was safe for the subjects. Participants or their caregivers did not report any significant harms,
and the drop-out rate after starting the intervention was remarkably low (3%). Some of the subjects reported
short-term fatigue due to the extra effort needed to participate in the intervention and evaluations. This is
understandable considering the low energy levels often linked to TBI.
DISCUSSION
This study is to our knowledge the first randomized controlled study mapping the cognitive, motor, and
neurostructural effects of neurological music therapy after TBI. Our results from both cognitive and volumetric
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measures point to an intervention effect on prefrontally mediated cognitive functions. Compared to the BA
group, general EF performance [Frontal Assessment Battery (FAB) score] of the AB group improved over the
intervention period, and the positive effect endured over the follow-up period. In both groups, there was also
improvement in set shifting [Number-Letter Task (NLT)] during the intervention period compared to the control
period. In the VBM analysis, this intervention effect was coupled with the increase of GMV specifically in the
right IFG, which also correlated with the observed improvement in set shifting. Together, these findings
suggest that neurological music therapy can enhance EF and induce fine-grained neuroanatomical changes
after TBI.
The enhancement of general EF (FAB) observed in the AB group over the intervention period and in the 6-
month post-intervention follow-up is in line with accumulating research evidence pointing towards transfer
effects from musical skills to EF.13-22 These effects have been reported both in the developing brain of children
and adult musicians, as well as in training studies with musically naïve adults, both younger and older,
indicating that EF is malleable with musical training throughout the lifespan. A possible mechanism behind
these transfer effects is that musical activities require high-level cognitive skills, particularly EF, attention, and
working memory, which enable us to focus on, maintain, and manipulate musical information100, 101 and which
are subserved especially by a network of frontal brain regions.100, 101 The neural networks recruited during
musical activities are therefore likely shared with other cognitive processes. In our study, the observed effects
of musical training on general EF endured over the 3-month post-intervention follow-up period, pointing to
long-lasting positive cognitive effects of the therapy. However, as some patients in the AB group, being
motivated and inspired by the intervention, reported having continued musical activities on a regular basis on
their own after the intervention period, this longitudinal result may partly reflect the continued practice.
The set shifting abilities improved during the intervention period, but the effect was no longer detected after the
follow-up period. When comparing change in both groups (AB+BA) during intervention and control period, a
pattern of deterioration of performance was detected during control period. Our results suggest that in this
more difficult and cognitively demanding EF task (switching), there appears to be a trend towards weakening
and music therapy can temporarily reverse this course to a positive direction. These findings are well in line
with previous studies showing that the time course of the TBI recovery process is complex, and both cognitive
enhancement and deterioration can take place.45-47 However, determining the long-term rehabilitation effect on
set switching would require a larger study with a different design and a longer intervention and follow-up
periods.
The observed link between enhanced set shifting and the music intervention is intuitively appealing and
supported by evidence from studies of musical expertise: playing music requires reacting flexibly to
surrounding stimuli depending on the context, particularly when playing together with others. Studies in healthy
subjects have shown that musical training is associated with better set shifting ability,19-21, 102 although some
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studies have not found this effect.103, 104 Interestingly, since the shifting task was visual in nature (although
linguistic strategies were likely used as well), the results point to modality-general effects of music, which is
supported by previous studies.103, 105 However, it should also be borne in mind that even if music in itself is an
auditory stimulus, playing an instrument requires additionally integration of visuospatial and somatosensory
information, which could lead to modality-specific training effects in these areas as well. Finally, the music
intervention was not associated with any gains in upper-extremity motor functions. This may be due to (i) the
intervention being primarily geared towards cognitive rehabilitation and (ii) cognitive deficits, but not motor
deficits, being an inclusion criteria in the study, which led to motor deficits were underrepresented in our
sample.
The improvement of general EF and set shifting, induced by the music intervention is an important clinical
finding considering the commonness of executive dysfunction in the TBI population and its highly debilitating
effect on functional outcome.106, 107 Problems in EF and set shifting are seen in everyday life as dysfunctional
action patterns characterized by poor flexibility and perseveration tendencies. Clinically, our results are in line
with previous TBI intervention studies utilizing music.63-65 Thaut et al. (2009) reported an immediate positive
effect of a single session on neurological music therapy on mental flexibility (indicated by the Trail Making
Test), which nicely fits together with our result on the enhanced task set shifting performance. Compared to
the recent study by Vik et al. (2018),65 our results converge on showing an effect of the music intervention on
cognitive performance, albeit on different measures: Vik et al. found an effect on verbal learning (indicated by
the California Verbal Learning Test) whereas we did not observe any effects on verbal memory or working
memory updating. This is likely due to differences in patient characteristics. In the Vik et al. study, the patients
had mild TBI and the intervention focused more on learning to play new songs which likely targets memory
functions more than our intervention.
In the VBM analyses, we found that GMV in the right inferior frontal gyrus (IFG, in particular its foremost part,
the triangular part) increased significantly in both the AB and BA groups during the music intervention period,
both when the groups were compared to each other across time (contrasts AB>BA x TP2>TP1 and BA>AB x
TP3>TP2) and when pooled and compared to the control period. This finding is supported by evidence from
fMRI studies in healthy subjects showing that right IFG has an important role in monitoring and sequencing of
auditory information and musical syntactic processing,108-111 as well as structural MRI studies showing that the
cortical thickness and volume of this region is enhanced by musical training112 and undermined by musical
deficits (amusia).113-116 Importantly, we also found that greater GMV in the right IFG correlated with better
performance in the NLT, which is consistent with the role of the right IFG in mental set shifting and with recent
evidence showing that musical training reduces switching costs and can contribute to increased efficiency in
mental set shifting.19, 117 In the same vein, a very recent study has reported that greater IFG activity correlated
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with improvements in set shifting performance after meditative exercise training (Tai Chi Chuan) in elderly
persons, also suggesting that the linkage between IFG and set shifting is malleable to intervention.118
Other regions which most consistently showed an increase in GMV after the music therapy when comparing
the AB and BA groups across time and when contrasting the intervention and control period across patients
were the right middle frontal gyrus (MFG) as well as the left superior frontal gyrus (SFG), cingulate cortex,
insula, and cerebellum. The MFG/SFG has been implicated in many domain-general cognitive functions,
including attention and working memory.119, 120 It also has a functional role in music cognition, including melody
discrimination, production and improvisation as well as the evaluation and representation of the emotional
content of music and episodic memory retrieval.121, 122 Increases in GMV in the SFG have also been reported
after a music listening intervention in stroke patients. 26 Cingulate, insular, and cerebellar regions are known to
play a role in multiple aspects of music processing, including melody and rhythm perception,123-126 emotional
processing of music,110, 127 music improvisation,128-130 and sensorimotor integration and learning of music,131
and they also show structural and functional changes as result of musical training.132-134 The cingulate and
insula are also closely linked to the salience network of the brain which has been suggested to underlie higher-
level executive, attentional, and affective processes and show enhanced integrity in musically trained
persons.132 In our study, the regions listed above are most likely associated with the cognitive and motivational
learning aspects of the music intervention, especially related to the perception and production of the rhythmic
and melodic sequences trained during the intervention, although no direct correlations with the behavioural
outcome were observed.
In addition to these prefrontal, limbic and cerebellar areas, increases in GMV in the intervention vs control
period were also found in the left middle (MTG) and inferior temporal gyrus (ITG). The temporal lobe hosts the
primary auditory cortex as well as secondary associative areas in the superior, middle and inferior temporal
gyri, which are key components of the ventral stream specialized in auditory object recognition.29, 135 The MTG
is consistently activated during music perception and imagery.136-140 In line with this functional role, GMV
decreases in the MTG have been reported in persistent amusia in stroke patients.141 The increased GMV in
the ITG is in agreement with previous studies of musical expertise showing that professional and amateur
musicians have greater GMV in this region than non-musicians.142 Since the ITG is involved in multimodal
processing143 including action choice prompted by visual stimuli144, it is conceivable that the assisted music
playing with Figure notes, in which the TBI patient learnt to associate a symbol with a particular note,
contributed to shape this structural plasticity.145
While the cognitive and structural neuroimaging results of the study are promising, providing the first-ever
evidence from an RCT that neurological music therapy can be effective in enhancing the recovery of EF
coupled also with GMV changes, the study does has some notable limitations. The first limitation is the
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relatively small sample size (39 patients in the behavioural analyses and 25 in the VBM analyses), which
naturally reduces the statistical power. This is a challenging patient population, and finding suitable
participants that met the original inclusion criteria was highly demanding. For this reason, we were in fact
forced to loosen the inclusion criteria regarding the time from injury, now covering two years after injury
compared to the initially planned 6 months. This means that some of our patients may already have passed
the most optimal neurobiological time window for cognitive and motor recovery. 146, 147 However, more recent
studies have provided evidence for neuroplastic changes induced by music supported therapy associated with
motor recovery in chronic stroke patients. 39, 148,149 These findings indirectly suggest that experience-
dependent plasticity driven by musical training could also take place in patients with brain injury at the chronic
stage. In the current study, the small sample size of the current dataset prevents a fine-grained analysis of
what are the differences and commonalities in the patterns of volumetric changes and cognitive recovery at
the acute, subacute and chronic stages. Thus we are not able to disentangle the effect of spontaneous
remission processes occurring at the acute and subacute stages compared to the chronic stage. Future
longitudinal studies with a stratification of patients by time since injury would be warranted to explicitly test
whether the cognitive and neuroplastic changes induced by the music therapy differ between the
acute/subacute and chronic stages. 39, 148, 149
Second, the design of the study (cross-over RCT with two groups) precludes comparing the efficacy of the
music therapy to another control intervention and determining its long-term impact. The cross-over design was
chosen for practical reasons, to minimize drop-outs that would be expected in a standard care-only control
group, especially in the TBI population. However, because of the possible intervention carry-over effects in the
AB group after the treatment, we were compelled to focus our main analyses between the first two
measurements. In addition to this, the high drop-out rate in BA group lead to the fact that no reliable
conclusions could be drawn from the effectiveness of music therapy in this group. We did not detect any
changes in the general EF within BA group in the imputed data set. However, only 13/20 (65%) of the patients
completed the study to their post-intervention time point (TP3). The drop-outs were due to lack of motivation
and energy to continue participation, which are common in the TBI population, 4,150 and were likely linked to
the long waiting period before receiving the intervention in the present study. In future, a larger three-arm
parallel-group RCT with music therapy, another (control) therapy, and no intervention arms, as well as a
longitudinal post-intervention follow-up for all groups would be warranted. Third, the music intervention was a
multicomponent intervention with three different modules (rhythmical training, structured cognitive-motor
training, assisted music playing) and one overarching component across modules (musical improvisation),
which makes it impossible to discern how each of these contributed to the observed effects of the intervention.
The advantage was that the intervention was flexible and individually adjustable to answer the differing
rehabilitation needs of the TBI patients who represent a heterogeneous group. This makes our findings
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generalizable to a wide range of TBI patients with varying degrees of cognitive impairment. Time since injury
was limited in our sample to a maximum of two years after injury, which is why the efficacy of the treatment in
TBI patients injured outside this time window is yet to be explored. Despite these limitations, our study
suggests that neurological music therapy is a very promising, unique, and highly applicable tool in TBI
neurorehabilitation, with power to enhance high-level cognitive functions and induce fine-grained
neuroplasticity changes in the recovering brain.
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LEGENDS
Figure 1. Flow chart outlining the design and progress of the trial.
Figure 2. Behavioral test results from the Intention-to-treat (ITT) analysis. Frontal Assessment Battery (FAB)
score and Number-Letter Task (NLT) switching cost error. The bar plots (mean ± SEM) show changes in test
scores over the three time points (TP) presented group-wise (AB/BA) from the imputed dataset (depicting the
mean of 20 imputations). Significant Time x Group interactions are shown with solid grey lines and significant
within-group Time main effects are shown with dashed grey lines.
Figure 3. VBM results from the mixed-model ANOVA including 25 TBI patients and three time points (TP). (A)
Group (AB>BA) x Time (TP2>TP1) interaction in grey matter volume (GMV). (B) Group (BA>AB) x Time
(TP3>TP2) interaction in GMV. (C) Conjunction analysis between (A) and (B) in GMV. (D, E, F) Bar plots
(mean ± SEM) for GMV from the local maxima in the right IFG Tri cluster in (A), (B) and (C) contrasts,
respectively. The results are reported in MNI coordinates and at an uncorrected p < 0.005 threshold at the
voxel level for visualization purposes. IFG Tri: inferior frontal gyrus triangular part, FusG: fusiform gyrus,
MCgG: middle cingulate gyrus, MTG: middle temporal gyrus, SFG: superior frontal gyrus, SPG: superior
parietal gyrus, CB: cerebellum lobule 8, ACC: anterior cingulate gyrus, MFG Orb: middle frontal gyrus orbital
part. L: left, R: right.
Figure 4. Changes during the intervention vs. control period pooled across groups in 25 TBI patients. (A) VBM
results from the intervention vs. control comparison (AB: TP2>TP1 & BA: TP3>TP2 vs. AB: TP3>TP2 & BA:
TP2>TP1). The results are reported in MNI coordinates and at an uncorrected p < 0.001 threshold at the voxel
level. The right IFG Tri cluster shown survived a p < 0.05 FWE-corrected threshold at the cluster level. (B) Bar
plots (mean ± SEM) for the number-letter task switching cost score (errors, %) change (left) and the GMV
change (mm3) from the local maxima in the right IFG Tri cluster shown in (A) (right) during the intervention
(INT) and control (CON) periods. (C) Pearson correlation between changes in the number-letter task switching
cost (errors, %) and in the GMV of the right IFG Tri cluster from (A) during the intervention period. IFG Tri:










Age m (sd) 41.3 (13.3) 41.6 (14.7) 40.9 (12.0) .871 (t)
Gender (female / male) 16 / 23 10 / 10 6 / 13 .242 (Χ2)
Handedness (right/left/both) 37 / 1 / 1 19 / 0 / 1 18 / 1 / 0 1.000 (F)
Education in years m (sd) 14.6 (3.2) 14.73 (2.8) 14.6 (3.6) .867 (t)
Clinical information
GCS m (sd) 11.8 (4.2) 12.3 (3.6) 11.2 (4.7) .613 (U)
PTA classificationa m (sd) 2.1 (1.1) 1.9 (1.1) 2.3 (1.0) .280 (t)
Cause of injury
(traffic-related / fall / other)
16 / 15 / 8 8 / 11 / 1 8 / 4 / 7 .022 (F)
Time since injury (months) m (sd) 8.9 (6.4) 8.6 (6.7) 9.2 (6.3) .772 (t)
Lesion lateralityb
(left / right / both)
7 / 2 / 26 4 / 1 / 14 3 / 1 / 12 1.0 (F)
Contusionc (yes / no) 23 / 15 13 / 6 10 / 9 .508 (Χ2)
DAIc (yes / no) 21 / 17 9 / 10 12 / 7 .515 (Χ2)
Hemorrages, bleeds or ischemic
injuryc (yes / no)
24 / 14 10 / 9 14 / 5 .179 (Χ2)
GOSEc m (sd) 5.2 (1.2) 5.0 (1.5) 5.5 (0.9) .192 (t)
NOS-TBId m (sd) 2.0 (2.5) 2.2 (2.4) 1.8 (2.7) .385 (U)
BDI-II m (sd) 14.2 (8.9) 15.8 (10.5) 12.3 (6.6) .229 (t)
Musical background
Instrument playing (yes / no) 25 / 12 14 / 6 11 / 6 .732 (Χ2)
Years of playing m (sd) 4.2 (8.4) 4.8 (10.3) 3.5 (5.4) .613 (U)
Singing (yes / no) 17 / 20 11 / 9 6 / 11 .231 (Χ2)
Years of singing m (sd) 4.7 (9.9) 6.7 (12.7) 2.6 (5.3) .369 (U)
Dancing (yes/no) 20 / 17 12 / 8 7 / 10 .254 (Χ2)
Years of dancing m (sd) 6.1 (10.8) 6.3 (10.6) 5.8 (11.4) .546 (U)
a 1=mild (< 24 hours); 2=moderate (1-7 days); 3=severe (>7days); 4=very severe (>4 week); b Based on MRI-findings, c Glasgow Outcome
Scale Extended; d Neurological Outcome Scale for TBI
Table 2. Amount of standard care rehabilitation in hours (60 min). In addition to traditional TBI therapies, four of the participants received some other therapy





























BA 16.3 (29.0) 3.2 (7.2) 1.7 (3.9) 1.7 (3.9) 3.2 (7.2)























BA 10.8 (14.2) 2.9 (3.8) 1.5 (3.2) 1.5 (3.2) 2.9 (3.8)










BA 6.2 (14.8) 3.2 (8.4) 0.0 (0.0) 0.0 (0.0) 3.2 (8.4)










BA 40.5 (63.4) 11.0 (22.7) 4.2 (6.8) 4.2 (6.8) 11.0 (22.7)
Table 3. Linear mixed model analysis (LMM) results between time points 1-2 using the complete dataset (n=39), means and standard deviations are based on
means of the imputed datasets. The indices represent Executive functiona (Frontal Assessment Battery), Reasoningb (WAIS-IV Similarities and Block Design),
Verbal memoryc (WMS-III word lists and WAIS-IV digit span) and motor performanced (Box and block, ARAT, Purdue Peg Board) as the overall percentage of
correct answers. SART vigilance decremente reflects the change in error percent over the lengthened 8.6 min task (error percent during 1st half – error percent
during 2nd half); a positive number reflects decrease in errors towards the end and a negative number reflects an increase in errors. The baseline differences











AB 88.3 (9.5) 95.0 (9.2)
.068 (t) 4.374 0.045*
BA 93.6 (7.7) 93.07 (7.7)
Reasoningb
AB 68.3 (10.3) 72.0 (10.1)
.865 (t) 0.039 0.845
BA 68.6 (15.1) 70.6 (14.5)
Verbal memoryc
AB 58.2 (14.0) 60.8 (10.9)
.899 (t) 0.964 0.359
BA 57.7 (12.1) 60.5 (13.0)
Motor performanced
AB 54.4 (10.0) 56.6 (10.4)
.198 (t) 0.074 0.789




AB 432.9  (409.7) 314.4 (316.8)
.542 (t) 0.462 0.501
BA 364.3  (266.7) 304.0 (191.7)
N-back effect
error rate (percent)
AB 14.2 (8.8) 13.8 (8.5)
.832 (t) 0.479 0.492
BA 15.0 (12.9) 17.9 (10.3)
NLT switching cost
reaction time (ms)
AB 379.3 (273.5) 443.7  (260.5)
.882 (t) 0.864 0.359
BA 390.2 (167.1) 375.1  (149.8)
NLT switching cost
error rate (percent)
AB 1.4 (5.7) -0.7 (4.1)
.314 (t) 4.798 0.032*
BA -0.3  (4.5) 2.3  (3.0)
Simon effect
reaction time (ms)
AB 58.0 (42.9) 46.6 (53.3)
.609 (t) 0.076 0.782
BA 63.8 (26.0) 56.8 (40.1)
Simon effect
error rate (percent)
AB 0.5 (1.3) 1.8 (2.5)
.068 (t) 1.895 0.182
BA 1.5 (1.9) 1.1 (2.1)
SART
reaction time (ms)
AB 424.4 (97.5) 423.4  (94.8)
.466 (t) 0.347 0.560
BA 399.9 (109.3) 382.3  (86.5)
SART
error and miss rate (percent)
AB 9.7 (11.0) 7.0 (9.5)
.243 (t) 1.370 0.255
BA 6.6 (3.9) 6.1 (4.5)
SARTe
vigilance decrement (percent)
AB -0.2 (4.6) 0.5 (3.7)
.822 (t) 0.642 0.430
BA -0.5 (3.6) -0.9 (3.0)
Table 4. Whole-brain GM volume changes: (a) in the group (AB>BA) x time (TP2>TP1) and (b) in the group
(BA>AB) x time (TP3>TP2) interactions and (c) the conjunction null between both interactions. Results are
reported at p < 0.001 unc threshold (extent threshold: k = 50 voxels) using MNI coordinates.L: left, R: right.
a. AB>BA x TP2>TP1
Anatomical region Cluster size T value X Y Z
Fusiform L 297 4.601 -46 -62 -17
Frontal Inf Tri R 393 4.401 44 28 -1
Cerebelum 8 L 185 4.120 -31 -59 -49
Temporal Mid L 53 4.003 -62 -42 -3
Cingulum Mid L 411 3.964 0 -37 33
Frontal Mid R 50 3.562 31 33 32
b. BA>AB x TP3>TP2
Postcentral L 147 4.506 -64 -5 20
Frontal Sup L 79 4.328 -16 47 44
Frontal Inf Tri R 101 4.321 54 31 19
Frontal Med Orb R 127 4.180 2 61 -6
Frontal Inf Tri R 305 4.150 48 35 1
Postcentral R 94 4.125 27 -27 62
Cerebellum 8 L 201 4.092 -25 -67 -47
Precentral R 100 4.088 61 10 24
Postcentral R 72 4.017 61 -3 23
Frontal Mid R 75 4.011 30 48 13
Frontal Inf Tri R 109 3.913 55 22 9
Cerebelum 8 L 139 3.879 -13 -71 -45
Parietal Sup L 104 3.823 -14 -74 47
Cingulum Ant R 81 3.809 4 50 14
Occipital Inf L 58 3.790 -45 -77 -6
Fusiform L 52 3.775 -36 -16 -33
Frontal Inf Orb L 52 3.732 -37 33 -14
c. Conjunction null (AB>BA x TP2>TP1 & BA>AB x TP3>TP2)
Frontal Inf Tri R 152 3.903 47 29 -2
Table 5. Whole-brain effects on GM volume pooling data from AB and BA groups: (a) intervention period only
test (AB: TP2>TP1 & BA: TP3>TP2) and (b) intervention > control period (AB: TP2>TP1 & BA: TP3>TP2 vs.
AB: TP3>TP2 & BA: TP2>TP1). Results are reported at p < 0.001 unc threshold (extent threshold: k = 50 voxels)
using MNI coordinates. Asterisk (**) denotes p < 0.05 FWE-corrected at cluster level. L: left, R: right.
a. Intervention period only
Anatomical region Cluster size T value X Y Z
Frontal Inf Tri R** 916 5.041 50 30 0
Hippocampus R 66 5.005 28 -16 -16
Frontal Sup R 76 4.444 24 36 38
Frontal Inf Oper R 67 4.327 45 11 25
Frontal Inf Tri R 50 4.200 54 22 12
b. Intervention > Control period
Frontal Inf Tri R** 652 6.898 50 30 -1
Temporal Inf L 280 4.830 -48 -68 -6
Occipital Inf L 208 4.644 -48 -63 -16
Frontal Med Orb L 92 4.540 2 57 -10
Insula L 216 4.472 -39 15 7
Cerebelum 8 L 198 4.305 -12 -70 -45
Cerebelum Crus1 L 126 4.293 -21 -66 -33
Temporal Mid L 51 4.240 -56 -59 8
Cingulum Post L 89 4.193 -1 -38 30
Frontal Mid R 55 4.097 40 20 36
Front Inf Orb L 51 3.985 -37 31 -12






Age 41.6 (13.3) 42.1 (14.6) 40.8 (11.5) .814 (t)
Gender (female / male) 10 / 15 7 / 9 3 / 6 .470 (F)
Handedness (right/left/both) 23 / 1 / 1 15 / 0 / 1 8 / 1 / 0 .600 (F)
Education in years m (sd) 14.5 (2.5) 14.3 (2.7) 14.9 (2.1) .535 (t)
Clinical information
GCS m (sd) 12.7 (3.5) 12.9 (3.5) 12.4 (3.8) .664 (U)
PTA classificationa m (sd) 1.7 (1.0) 1.6 (1.1) 1.9 (0.8) .607 (t)
Cause of injury
(traffic-related / fall / other)
8 / 12 / 5 6 / 9 / 1 2 / 3 / 4 .09 (F)
Time since injury (months) 7.9 (6.0) 8.4 (6.0) 7.1 (6.1) .622 (t)
Lesion lateralityb
(left / right / both)
6 / 1 / 17 3 / 1 / 11 3 / 0 / 6 .777 (F)
Contusionc (yes / no) 12 / 12 10 / 5 2 / 7 .045* (F)
DAIc (yes / no) 12 / 12 6 / 9 6 / 3 .400 (F)
Hemorrages, bleeds or
ischemic injuryc (yes / no)
15 / 9 10 / 5 5 / 4 .678 (F)
GOSEc m (sd) 5.3 (1.3) 5.2 (1.5) 5.6 (1.1) .541 (t)
NOS-TBId m (sd) 1.9 (2.1) 2.0 (2.1) 1.8 (2.3) .812 (t)
Musical background
Instrument playing (yes / no) 17 / 8 11 / 5 6 / 3 .1.00 (F)
Years of playing m (sd) 4.8 (9.9) 5.1 (11.3) 3.8 (2.4) .850 (U)
Singing (yes / no) 12 / 13 9 / 7 3 / 6 .411 (F)
Years of singing m (sd) 5.5 (11.3) 7.9 (13.7) 1.3 (3.0) .215 (U)
Dancing (yes/no) 13 / 12 9 / 7 4 / 5 .688 (F)
Years of dancing m (sd) 5.2 (10.2) 5.4 (10.9) 4.8 (9.8) .815 (U)
a 1=mild (< 24 hours); 2=moderate (1-7 days); 3=severe (>7days); 4=very severe (>4 week); b Based on MRI-findings, c Glasgow Outcome
Scale Extended; d Neurological Outcome Scale for TBI
Supplemental table 2. Amount of standard care rehabilitation in hours (60 min) received by the per protocol sample (n=25).













Physiotherapy AB 6.3 (12.3) .728 (U) 3.4 (4.3) .392 (U) 2.0 (3.9) .841 (U) 3.4 (4.3) .677 (U) 2.0 (3.9) .920 (U)BA 9.9 (16.6) 1.7 (3.3) 2.8 (4.9) 2.7 (4.9) 1.7 (3.3)
Occupational therapy AB 1.6 (3.6) .875 (U) 1.3 (3.2) .728 (U) 0.2 (0.6) .718 (U) 1.3 (3.2) .910 (U) 0.2 (0.6) .868 (U)BA 5.6 (15.9) 0.3 (0.8) 0.5 (1.2) 0.5 (1.2) 0.3 (0.8)
Neuropsychological
rehabilitation
AB 8.5 (13.5) .975 (U) 1.4 (2.2) .728 (U) 2.7 (2.9) .274 (U) 1.4 (2.2) .569 (U) 2.7 (2.9) .764 (U)BA 8.3 (11.7) 2.5 (3.8) 1.3 (3.1) 1.3 (3.1) 2.5 (3.8)
Speech therapy AB 0.6 (2.3) .825 (U) 0.3 (1.2) .825 (U) 0.0 (0.0) 1.0 (U) 0.3 (1.2) .850 (U) 0.0 (0.0) .664 (U)BA 1.5 (4.2) 2.3 (6.4) 0.0 (0.0) 0.0 (0.0) 2.3 (6.4)
Sum AB 18.2 (29.8) .776 (U) 7.0 (9.4) .975 (U) 5.1 (5.5) .602 (U) 7.0 (9.4) .569 (U) 5.1 (5.5) .973 (U)BA 24.5 (32.9) 6.7 (9.6) 4.5 (7.0) 4.5 (7.0) 6.7 (9.6)
Supplemental Table 3. Linear mixed-model ANOVA results between time points 1-2 using the per protocol sample (n=25). The baseline differences have been evaluated using
independent samples t-test (t) or Mann Whitney U-test (U).





AB 88.2 (10.1) 97.2 (4.5) .060 (t) .024*BA 95.7 (6.7) 95.7 (7.2)
Reasoningb
m (sd)
AB 70.5 (10.4) 72.7 (10.3)
.635 (t) .769BA 72.7 (10.3) 75.7 (12.7)
Verbal memoryc
m (sd)
AB 60.6 (10.8) 62.3 (10.1) .586 (t) .428BA 58.3 (8.5) 63.1 (9.4)
Motor performanced
m (sd)
AB 52.3 (8.8) 54.0 (9.3)
.535(t) .384BA 54.4 (6.7) 57.2 (8.5)
Computerized EF/attention tests
N-back effect reaction time (ms)
m (sd)
AB 503.3 (376.5) 349.1 (328.4) .633 (t) .973BA 450.0 (170.9) 299.9 (189.6)
N-back effect error rate (percent)
m (sd)
AB 14.9 (9.3) 14.6 (8.6) .737 (t) .629BA 13.3 (13.3) 16.0 (9.7)
NLT switching cost reaction time (ms)
m (sd)
AB 405.5 (240.9) 472.4 (256.2) .836(t) .605BA 386.3 (174.0) 384.6 (208.7)
NLT switching cost error rate (percent)
m (sd)
AB 1.2 (6.4) -0.9 (4.4) .411 (t) .090BA -0.8  (4.1) 2.4  (1.9)
Simon effect reaction time (ms)
m (sd)
AB 57.6 (47.5) 42.1 (57.1) .889 (t) .760BA 59.6 (21.5) 37.3 (39.2)
Simon effect error rate (percent)
m (sd)
AB 2.5 (1.0) 1.6 (1.7) .043* (t) .001*BA 1.8 (1.9) 0.2 (0.7)
SART reaction time (ms)
m (sd)
AB 409.4 (80.2) 410.5 (92.1)
.184 (t) .891BA 366.4 (65.5) 372.6 (107.9)
SART error and miss rate (percent)
m (sd)
AB 9.6 (11.2) 7.1 (10.1) .389 (t) .555BA 6.2 (3.8) 4.8 (3.4)
SARTe vigilance decrement (percent)
m (sd)
AB 0.1 (4.1) 1.3 (3.6) .367 (t) .328BA -0.6 (3.9) -1.5 (1.4)
